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Abstract 
In temperate regions, environmental conditions vary distinctly between seasons. This variation 
can strongly impact in-stream environmental conditions. Winter is often thought to be harsher 
than other seasons for stream fishes, given the adverse environmental conditions that arise from 
low temperatures during winter in temperate regions. Low temperatures, episodic elevated 
discharge, and ice formation associated with winter are hypothesized to reduce movement, body 
condition, and survival of stream fishes. However, few studies test this hypothesis through 
formal comparisons, and most studies of seasonal stream fish ecology focus on salmonids. To 
address this knowledge gap, I estimated and compared body condition, net displacement rates, 
and apparent survival of two common stream fishes in summer and winter. I conducted my study 
in Stegman Creek, a small coldwater stream in west Michigan. My study species were mottled 
sculpin (Cottus bairdii), a small-bodied benthic fish, and brown trout (Salmo trutta), a larger-
bodied, drift-feeding fish. Over two 7-week periods (July-September 2016, January-March 
2017), I individually marked mottled sculpin (n = 352) and brown trout (n = 329) with passive 
integrated transponder tags, and recaptured tagged individuals via weekly backpack 
electrofishing surveys. Both species exhibited different responses to seasonal environmental 
changes. Mottled sculpin net displacement rates significantly declined in winter, while body 
condition and apparent survival probability increased. The magnitude of the increase in condition 
was small, and likely resulted from spring spawning preparation. Increased apparent survival 
may have resulted from reduced emigration of mottled sculpin, or reduced predation risk from 
large brown trout. Body condition and net displacement rates of brown trout remained stable 
between seasons. Models suggested apparent survival of brown trout was length-dependent in 
summer and time-dependent in winter. Periods of low apparent survival of brown trout in winter 
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corresponded with extreme low and high water temperatures. My results suggest winter was not 
particularly harsh for mottled sculpin or brown trout in Stegman Creek, although brown trout 
apparent survival appeared to be negatively influenced by variable winter water temperatures. 
These findings suggest seasonal effects may be context-dependent, and are likely to vary among 
stream systems and fish species. 
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Chapter I 
Introduction 
In order to effectively manage stream fish species, their ecology must be thoroughly understood. 
However, problematic gaps in the knowledge of stream fish ecology remain. One area in which 
information is particularly lacking is the winter ecology of stream fishes. Generally, less is 
known about this period due to the logistical challenges of conducting field-based studies in 
aquatic ecosystems during temperate winters. Yet the implications of this lack of knowledge are 
especially important for temperate regions, in which drastic seasonal changes in environmental 
conditions may have strong effects on stream-dwelling organisms. An incomplete understanding 
of the seasonal ecology of stream fishes presents a threat to the ability of managers and 
researchers to effectively manage and understand these species and stream ecosystems. My 
thesis describes the methods, results, and implications of a study designed to address this 
knowledge gap. I provide a context for this study by way of an extended review of the existing 
literature focused on the general ecology of my study species, mottled sculpin (Cottus bairdii) 
and brown trout (Salmo trutta), as well as the effects of environmental variation on stream 
ecosystems and stream-dwelling organisms. Lastly, I provide a detailed description of the 
materials and methodology utilized in this study to serve as future reference. 
Purpose 
The purpose of this study was to investigate seasonal effects (summer vs. winter) on two 
common stream fishes: mottled sculpin and brown trout. I chose mottled sculpin and brown trout 
as the focal species for my study because of their high abundance in many coldwater Michigan 
streams (e.g., Homola et al. 2014, Ruetz et al. 2015) and to potentially draw contrasts between 
seasonal effects on a small-bodied benthic species versus a larger-bodied drift-feeding species. 
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The objectives of my research were to (1) estimate individual body condition, net displacement 
rates, and apparent survival probabilities in a wild population of mottled sculpin and brown trout 
during summer and winter, and (2) compare seasonal estimates of these rates for both species. 
Scope 
This research was conducted in Stegman Creek, a third-order tributary to the Rogue River in 
Kent County, Michigan. Stegman Creek has a simple fish community, comprised almost 
exclusively of mottled sculpin and brown trout (S. LaGory, personal observation). Land use in 
the Stegman Creek subbasin is primarily undeveloped and is dominated by forest, open field, and 
wetland (AWRI 2001). Based on weekly summer mean water temperatures and temperature 
fluctuations that I recorded in Stegman Creek, the thermal regime of this system is classified as 
stable coldwater following Wehrly et al. (2003). Stegman Creek receives significant groundwater 
input, which maintains this stable thermal regime (MDEQ 2009). Of the nearly 700 rivers 
surveyed in Michigan’s Lower Peninsula as part of the Michigan Rivers Inventory, few were 
classified as stable coldwater, suggesting this thermal regime is relatively uncommon in the 
region (Wehrly et al. 2003). The results of my study are likely to be most applicable to streams 
and rivers with watershed land use characteristics and thermal regimes similar to those of 
Stegman Creek, and to those that support similar coldwater fish communities. However, this 
study may serve as an important baseline reference for seasonal effects on coldwater fish species 
inhabiting more variable or impaired stream systems. 
Assumptions 
I assume that the individual fish used as a part of this study are representative of the population 
in Stegman Creek, and of other populations of mottled sculpin and brown trout inhabiting 
temperate, coldwater, groundwater-fed streams. Additionally, I assume that fates of individual 
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fish are independent of one another. Estimates of body condition, movement, and apparent 
survival generated from this work are contingent on the assumption that repeated capture and 
release via backpack electrofishing and associated tagging and handling of marked fish did not 
impact subsequent behavior or survival. I think this is a reasonable assumption for both species, 
given previously reported resilience of mottled sculpin to direct-current electrofishing (Barrett 
and Grossman 1988, Ruetz et al. 2015) and marking with passive integrated transponder (PIT) 
tags (Ruetz et al. 2006), and studies of brown trout reporting similar resilience (Carline 2001, 
Acolas et al. 2007). I made additional assumptions for the statistical model used to estimate 
apparent survival and recapture probabilities: the Cormack-Jolly-Seber estimator (Lebreton et al. 
1992). This model assumes that (1) probability of recapture is equal among all marked fish 
present in the study reach during a given sampling occasion; (2) probability of survival is equal 
among all marked fish present in the study reach immediately following a given sampling 
occasion; (3) no marks are lost or overlooked during sampling; and (4) sampling events are 
instantaneous, and fish are released immediately after they are captured (Williams et al. 2002). 
Hypotheses 
Based on prior research conducted in Michigan streams (Clapp et al. 1990, Breen et al. 2009), I 
expected to see no difference in net displacement rates of mottled sculpin or brown trout between 
summer and winter. I hypothesized that apparent survival probabilities of brown trout and 
mottled sculpin would not be significantly lower in winter than in summer (in contrast to the 
general paradigm) based on supporting evidence from previous ecological research (e.g., Carlson 
and Letcher 2003, Carlson et al. 2008). Further, I hypothesized that higher summer water 
temperatures may have adverse effects on these fish via increased metabolic demands, and 
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ultimately result in lower body condition and apparent survival in both species during the 
summer study period. 
Significance 
The results of this study will help inform managers and researchers of the seasonal ecology of 
mottled sculpin and brown trout, two ecologically important species in Michigan. The mottled 
sculpin is native to and locally abundant in Michigan streams, and serves an important trophic 
role as both a predator of aquatic macroinvertebrates and prey for larger piscivorous fish species 
(Becker 1983). Brown trout is a prized sport fish, and a species of conservation and management 
interest in the state of Michigan. My estimates of these species’ body condition, net displacement 
rates, and apparent survival in response to summer and winter environmental conditions will 
provide a reference for future studies of seasonal stream fish ecology, and potentially for future 
management decisions. This study also will contribute to an improved, broader understanding of 
seasonal environmental effects on stream fishes, particularly those inhabiting relatively stable 
environments.  
Definitions 
Apparent survival – the probability of an individual surviving and not permanently emigrating 
from the study area from time t to t+1 (Williams et al. 2002). Thus, apparent survival does not 
distinguish between death and emigration. The apparent survival probabilities presented in 
Chapter II of this document were estimated in Program MARK using the Cormack-Jolly-Seber 
statistical model.  
Body condition – the length-mass relationship of a fish population, described by the equation: 
, 
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where M is the wet mass of an individual fish, a is a constant, L is the total length of an 
individual fish, and b is the power coefficient of the length-mass relationship. I evaluated 
changes in body condition from summer to winter by testing for differences in b between 
seasons. 
Net displacement rate – the net distance traveled from time t to t+i (where i is the time interval 
between captures). Weekly net displacement rates (X) were calculated for all recaptured 
individuals using the following formula: 
, 
where d is the absolute value of the distance between recorded subsections at capture, and ∆t is 
the number of weeks elapsed between captures. 
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Abstract 
Winter is thought to be harsher than other seasons for stream fishes in temperate regions, 
resulting from adverse environmental conditions such as low temperatures and ice. However, 
few field studies have tested this hypothesis, especially compared with other seasons. We 
compared summer and winter body condition, net displacement rates, and apparent survival of 
mottled sculpin (Cottus bairdii) and brown trout (Salmo trutta) in Stegman Creek, a small 
coldwater stream in Michigan. Over two 7-week periods, we individually marked and recaptured 
mottled sculpin (n = 352) and brown trout (n = 329) via weekly electrofishing surveys. Both 
species responded differently to seasonal changes. Mottled sculpin body condition increased in 
winter while net displacement rates declined. Apparent survival of mottled sculpin increased in 
winter. Body condition and net displacement rates of brown trout did not differ from summer to 
winter. Apparent survival of brown trout was size-dependent in summer and time-dependent in 
winter. Our results suggest winter environmental conditions were not particularly harsh for 
stream fishes in this stable, ground-water dominated stream. 
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Introduction 
Temperate regions, such as the Laurentian Great Lakes, are characterized by pronounced 
variation in environmental conditions from season to season. External environmental conditions 
can strongly influence in-stream conditions such as temperature and discharge (Sinokrot and 
Stefan 1993, Allan and Castillo 2007, Brown et al. 2011). These physical habitat components can 
fluctuate in conjunction with seasonal variation, altering stream environments throughout the 
year. Stream fishes in temperate regions are in turn impacted by seasonal variation, as biological 
processes of fish such as metabolism, growth, and movement are tightly linked to their 
surrounding environment (Brett 1979, Simpkins and Hubert 2000, Simpkins et al. 2000, 
Lindstrom and Hubert 2004). 
 Winter typically is viewed as a harsher season than others for stream fishes due to 
adverse environmental conditions such as low temperatures, periodic elevated discharge, and ice 
formation (Brown et al. 2011). Winter environmental conditions can lead to reduced body 
condition (Cunjak et al. 1987, Simpkins and Hubert 2000), initiate long-distance movement and 
shifts in habitat use (Cunjak and Power 1986, Jakober et al. 1998, Simpkins et al. 2000), and 
decreased metabolism (Cunjak and Power 1987, Berg and Bremset 1998) in stream fishes. 
Although these few aspects of the winter ecology of stream fishes in temperate regions have 
been documented, these studies primarily focus on stream-dwelling salmonids. Winter survival 
of stream fishes, particularly non-game species, is less frequently studied in temperate regions. 
Moreover, few studies of winter stream fish ecology draw formal comparisons between winter 
and other seasons (e.g., Carlson and Letcher 2003, Daugherty and Sutton 2005, Carlson et al. 
2008, Breen et al. 2009). Understanding the impacts of seasonal variation on stream fish can aid 
in developing more effective management strategies for temperate stream ecosystems. 
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 We investigated seasonal effects (summer vs. winter) on body condition, displacement, 
and apparent survival of two common stream fishes, mottled sculpin (Cottus bairdii) and brown 
trout (Salmo trutta), in a coldwater stream in the western Lower Peninsula of Michigan. The 
mottled sculpin is a small-bodied benthic fish that is native to Michigan and widely distributed 
across North America (Becker 1983). Mottled sculpin primarily targets benthic 
macroinvertebrates as prey, but may occasionally feed on plant matter and fish eggs (Becker 
1983, Petty and Grossman 1996, Janssen and Jude 2001). Mottled sculpin is often the most 
abundant species in systems where it occurs (Grossman et al. 2002), and this high relative 
abundance has been documented in west Michigan streams (Breen et al. 2009, Homola et al. 
2014, Ruetz et al. 2015). Mottled sculpin can be important forage for larger-bodied fishes such as 
brown trout and other salmonids (Dineen 1951, Moyle 1977), and healthy populations of mottled 
sculpin are frequently found in streams that also support healthy trout populations (Becker 1983; 
S. LaGory, personal observation).  
The brown trout is a non-native salmonid in Michigan. First introduced to North America 
in the mid-1800s, the species now has self-sustaining populations in more than 80% of the 
continental United States (Behnke 2002). Brown trout is a primarily drift-feeding species, and 
utilizes a variety of food sources such as aquatic macroinvertebrates, terrestrial insects, and 
small-bodied fishes (Becker 1983, Bannon and Ringler 1986, Bridcut and Giller 1995). The 
brown trout is highly sought-after by anglers and, as such, is of management and economic 
interest throughout much of its range.  
We chose mottled sculpin and brown trout as the focal species for our study because of 
their widespread distribution and abundance in North American streams, and to potentially draw 
contrasts between winter effects on a small-bodied benthic species versus a larger-bodied, drift-
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feeding species. In light of gaps in the knowledge surrounding the effects of seasonal variation 
on stream fishes, particularly non-game species, our objectives were to: (1) estimate individual 
body condition, net displacement rates, and apparent survival probabilities of mottled sculpin and 
brown trout during summer and winter; and (2) compare seasonal estimates of these rates for 
both species.  
Methods 
Field Methods 
We conducted sampling over two 7-week ‘seasons’: summer (26 July - 6 September 2016) and 
winter (20 January - 2 March 2017). Our study site was located on a privately-owned section of 
Stegman Creek, a small tributary of the Rogue River in the western Lower Peninsula of 
Michigan (Fig. 1). Stegman creek is a high-quality, coldwater stream with high groundwater 
input and a densely forested riparian corridor (MDEQ 2009). This section of the stream supports 
a simple fish community comprised almost entirely of mottled sculpin and brown trout (S. 
LaGory, personal observations). The landowner does not allow fishing on the property and no 
fish are currently stocked in this stream (S. Hanshue, MDNR, personal correspondence). We 
conducted our study in a 300-m reach of the stream. We divided this reach into three 100-m 
subreaches (downstream buffer, core, upstream buffer), each of which we demarcated into ten 
10-m subsections (Fig. 2). We measured subreach and subsection lengths through the thalweg.  
To estimate body condition, displacement, and apparent survival of mottled sculpin and 
brown trout, we tracked individual fish with passive integrated transponder (PIT) tags (HPT12 & 
MiniHPT8, Biomark Inc., Boise, Idaho) via capture-recapture sampling. PIT tags contain 
numeric codes that can uniquely identify individuals when scanned with a tag reader. We 
conducted weekly recapture sampling via backpack electrofishing surveys in the core subreach. 
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Using an ETS ABP-3 unit (ETS Electrofishing Systems, Madison, Wisconsin), we sampled fish 
in each 10-m subsection individually in the upstream direction. In these surveys, we targeted fish 
of taggable size (total length: mottled sculpin ≥ 60 mm, brown trout ≥ 80 mm).  
Once fish were collected, we measured total length (TL) to the nearest 1 mm and mass to 
the nearest 0.1 g, and recorded the 10-m subsection in which a fish was captured. We scanned all 
taggable-size fish with a portable reader to check for PIT tags. If no tag was detected, we 
anesthetized mottled sculpin (all sizes) and brown trout (≤ 180 mm TL; i.e., below the legal 
catchable size limit) with MS-222 (60 mg/L). Brown trout larger than 180 mm TL were not 
anesthetized before tagging. We then injected a tag into the peritoneal cavity posterior to the 
right pectoral fin with a syringe. We added PIT tags each week when new fish were encountered 
over the course of the summer and winter sampling periods. We gave all tagged fish a permanent 
(i.e., completely removed) left pelvic fin clip so they could be readily distinguished from 
untagged individuals. We also used these fin clips to assess tag retention over each study period. 
We allowed fish to recover in fresh, aerated stream water until an individual was able to maintain 
an upright position in the water column before the fish was released in the subsection from which 
it was captured. 
To assess dispersal of tagged individuals outside of the core study subreach, we 
conducted additional surveys in the downstream and upstream buffer subreaches during weeks 
three and six of each season. We followed the previously described electrofishing protocol for 
these surveys. If we recaptured a tagged fish outside of the core subreach, we recorded its tag 
identification number, total length and mass, and 10-m subsection at recapture. We enumerated 
all taggable-size unmarked mottled sculpin and brown trout captured in the buffer subreaches.  
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To characterize in-stream environmental conditions in each season, we measured several 
environmental variables. We deployed three temperature loggers (HOBO Pro v2, Onset 
Computer Corporation, Bourne, Massachusetts) at equidistant points along the core subreach to 
measure hourly water temperature for the duration of each study period. We averaged 
temperature data from all three loggers to generate mean hourly temperature values for each 
season. During weekly sampling, we estimated stream discharge by measuring vertical stream 
velocity (Flo-Mate 2000, Marsh-McBirney Inc. – Hach Company, Loveland, Colorado) at 60% 
stream depth at six equidistant points across the wetted width of a transect representative of our 
study reach following the protocol by Rantz et al. (1983). Each week we also measured water 
quality variables (i.e., pH, specific conductivity, dissolved oxygen). This measurement was made 
at the midpoint of the core subreach in the thalweg at approximately 50% stream depth using a 
multiparameter sonde (6600 V2-4, YSI Incorporated, Yellow Springs, Ohio).  
Estimating Condition, Displacement and Apparent Survival 
We calculated length-mass relationships for both species in summer and winter with linear 
regression of log10-transformed TL and mass data. For this analysis, we used the TL and mass 
recorded at the first encounter with an individual and used indicator variables (Montgomery and 
Peck 1992) to test for differences in condition (i.e., slope of the log10-transformed length-mass 
relationship) of mottled sculpin and brown trout between summer and winter. 
 We estimated mean weekly net displacement rates (m/wk) for all individuals recaptured 
at least once using subsection-at-capture data. To maintain consistent sampling effort, our 
estimates only included location data collected during weekly sampling of the core subreach, and 
excluded detections of tagged fish in the downstream and upstream buffer subreaches. We 
calculated net displacement rates by dividing the observed distance traveled between captures 
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(i.e., absolute value of distance between the midpoints of recorded subsections at capture) by the 
number of weeks elapsed between captures, and averaging weekly rates for each individual. 
Once individual net displacement rates were estimated, we calculated species-level mean 
displacement rates for both seasons. To determine whether these rates differed between seasons 
and species, we used two-way factorial ANOVA (type III) on log10-transformed net 
displacement rates. In addition, we calculated maximum displacement distance of each 
individual over the course of each study season. We defined maximum displacement as the 
absolute value of the distance between the midpoints of the lowermost and uppermost 
subsections of capture in the entire 300-m study reach. Condition and displacement analyses 
were run using program R (version 3.3.2; R Core Team, 2017). 
 We estimated weekly apparent survival and recapture probabilities of mottled sculpin and 
brown trout using a series of modified Cormack-Jolly-Seber open population models with live 
recaptures (Lebreton et al. 1992). This model assumes that: (1) probability of recapture is equal 
among marked fish present in the study reach during a given sampling occasion; (2) probability 
of survival is equal among all marked fish in the study reach immediately following a given 
sampling occasion; (3) no marks are lost or overlooked during sampling; and (4) sampling events 
are instantaneous, and fish are released immediately after they are captured (Williams et al. 
2002). The Cormack-Jolly-Seber model cannot differentiate mortality from emigration, and does 
not provide an estimate of true survival (Lebreton et al. 1992). We estimated apparent survival 
using capture histories of tagged fish from the core subreach in program MARK (White and 
Burnham 1999). A capture history is a vector of ones and zeros that indicates whether a fish was 
captured during each sampling event (Burnham et al. 1987).  
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 In Michigan streams, brown trout above 254 mm TL have been observed to exhibit 
different patterns in recapture probability than fish below this size threshold (D. Hayes, personal 
communication, MDNR unpublished data). This heterogeneity in recapture probability would 
violate one of the primary assumptions of the Cormack-Jolly-Seber statistical model; therefore, 
we excluded all brown trout larger than 254 mm in TL from this analysis to improve model fit.  
 We developed a set of candidate models and fit seasonal capture histories for both species 
to these models. Model parameters estimated were apparent survival (Φ) and recapture (p) 
probability, and we constrained these parameters to be constant, time-dependent, or dependent 
on an individual’s total length. Our candidate model set for each species and season consisted of 
nine models, each varying in constraints of Φ and p by the aforementioned factors. Candidate 
models were ranked by Akaike’s Information Criterion (Akaike 1976) adjusted for small sample 
size (AICc). We selected models with the lowest AICc, highest AICc weight, and highest model 
likelihood as the top candidate for our data. We used program RELEASE (version 3.0; Burnham 
et al. 1987) to assess the fit of our data to the fully time-dependent (i.e., saturated) model for 
each species and season. This goodness-of-fit test uses Pearson’s chi-square analysis to 
determine whether input data meet the underlying model assumptions. The primary assumptions 
of interest in the Cormack-Jolly-Seber model are homogeneity in apparent survival and recapture 
probabilities among marked individuals. 
Results 
In total, we tagged 352 mottled sculpin (summer: n = 272, winter: n = 80) and 329 brown trout 
(summer: n = 160, winter: n = 169) over the course of the study. We recaptured 44% of tagged 
mottled sculpin and 63% of tagged brown trout in summer, and recaptured 50% of all tagged 
mottled sculpin and 52% of all tagged brown trout in winter. Of the 432 fish tagged during the 
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summer study period, we recaptured 149 (mottled sculpin = 91, brown trout = 58) during the 
winter study period. We observed higher rates of dispersal in summer sampling, detecting 11.4% 
of all recaptures outside of the core subreach (mottled sculpin = 10.1%, brown trout = 12.3%). In 
winter, we detected 5.1% (mottled sculpin = 0%, brown trout = 7.8%) of all recaptures outside of 
the core subreach. We observed high tag retention rates in both seasons: 99.4% (mottled sculpin 
= 99.5%, brown trout = 99.2%) in summer and 98.0% (mottled sculpin = 100%, brown trout = 
98%) in winter. Overall sampling mortality (i.e., fish that were killed during collection and 
tagging) was low in both seasons (summer = 0.36%, winter = 0.07%).  
In-stream Environmental Conditions 
With the exception of water temperature, in-stream environmental conditions remained relatively 
stable within seasons (Table 1). Water temperatures during summer were about 8 °C warmer 
than winter on average (summer: mean = 13.9 °C, winter: mean = 5.9 °C). Summer hourly water 
temperatures varied consistently, following diel cycles of warming (Fig. 3). Based on the mean 
weekly summer temperature and weekly temperature fluctuation (4.3 °C) recorded during our 
study, the thermal regime in this reach of Stegman Creek was classified as stable coldwater (see 
Wehrly et al. 2003). Minimum temperature during the summer study period was 11.4 °C (during 
week seven), and maximum temperature during the summer study period was 17.5 °C (during 
week five). In winter, temperature varied erratically over the course of the study period 
compared with summer (Fig. 3). The minimum winter water temperature was 1.2 °C (during 
week three), and the maximum water temperature in winter was 11.1 °C (during week six). Mean 
stream discharge was 0.34 m3/s (SD = 0.05, n = 7) in summer, and 0.44 m3/s (SD = 0.06, n = 7) 
in winter. Average dissolved oxygen concentrations were within optimal ranges for mottled 
sculpin and brown trout in both seasons, and specific conductivity, pH, and turbidity were stable 
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within seasons (Table 1). No ice formation or significant disturbances to stream habitat were 
observed in Stegman Creek over the winter study period. 
Condition and Displacement 
Mottled sculpin and brown trout exhibited different responses in body condition to winter 
environmental conditions. Body condition differed significantly between summer and winter for 
mottled sculpin (Fig. 4A). Slope of the length-mass relationship of mottled sculpin increased 
from 3.01 in summer to 3.20 in winter (P = 0.025), which would result in a negligible (< 0.1g) 
increase in mass for an average-length fish (70 mm TL). However, in the largest mottled sculpin 
encountered (117 mm TL), this increase in body condition in the winter would result in a small 
increase in mass (about 2.0 g). Slope of the log10-transformed length-mass relationship of brown 
trout did not differ significantly between summer and winter (P = 0.51; Fig. 4B). 
 There was a significant species-season interaction (F1,410 = 9.46, P = 0.002) on net 
displacement rates (Fig. 5). Mean summer net displacement rate of mottled sculpin was 7.6 
m/wk (SD = 12.9), and mean summer displacement rate of brown trout was 6.2 m/wk (SD = 
9.2). The mean winter net displacement rate of mottled sculpin was 2.4 m/wk (SD = 3.7), while 
the mean winter net displacement rate of brown trout was 7.7 m/wk (SD = 11.7). In both seasons, 
the majority of mottled sculpin and brown trout remained within one 10-m subsection of the 
study reach (Fig. 6). The largest maximum displacement distance of an individual mottled 
sculpin was 130 m in summer and 90 m in winter (Fig. 6). The largest maximum displacement 
distance of an individual brown trout was 160 m in both seasons (Fig. 6). 
Apparent Survival 
Different Cormack-Jolly-Seber models were supported as the best fit for each species and 
season. The best fit candidate model for mottled sculpin in summer was TL-dependent Φ and 
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time-dependent p (Table 2). In winter, time-dependent Φ and constant p was the most supported 
model (Table 2), but could only generate reliable estimates of Φ for two time intervals. Given 
that this model was nearly equal in AICc score and weight to the second highest ranked model 
(constant Φ and p; Table 2), we ran a likelihood-ratio test between these two models to 
determine if there was a difference in fit to our winter mottled sculpin data. This test detected no 
significant difference in fit between the two models (P = 0.1), so we selected the second-ranked 
constant model as the best fit. Estimated weekly Φ was 1.3 times higher in winter than in 
summer for mottled sculpin, and weekly p decreased from summer (mean = 0.33) to winter 
(Table 3). Program RELEASE goodness-of-fit tests suggested our mottled sculpin data met the 
underlying Cormack-Jolly-Seber assumptions in both seasons (summer: X2 = 11.4, df = 16, P = 
0.78, winter: X2 = 7.9, df = 17, P = 0.97). 
 For brown trout, the best fit model in summer was TL-dependent Φ and constant p, while 
the highest ranked model for winter was time-dependent Φ and TL-dependent p (Table 4). In 
winter, estimated weekly Φ for brown trout was comparable to estimated weekly Φ in summer, 
with the exception of estimates for time intervals three and six (Table 5). Estimated p for brown 
trout was similar between seasons, and was higher than p of mottled sculpin in both summer and 
winter (Table 5). Program RELEASE goodness-of-fit tests indicated that our brown trout data 
met the underlying assumptions of the Cormack-Jolly-Seber model in the summer (Χ2 = 15.2, df 
= 16, P = 0.51), but not in the winter (Χ2 = 48.5, df = 17, P < 0.001).  
Discussion 
Condition, displacement, and apparent survival of mottled sculpin and brown trout were affected 
differently by winter environmental conditions in Stegman Creek. Mottled sculpin body 
condition increased in winter, though the magnitude of this difference was small. Mottled sculpin 
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apparent survival probability was higher in winter than in summer. Brown trout condition and 
net displacement rates did not change seasonally. Apparent survival of brown trout was size-
dependent in summer, and time-dependent in winter. The lowest estimated apparent survival 
probabilities of brown trout in winter corresponded with periods of extreme low and high water 
temperatures. Our results suggest that overall, winter environmental conditions in Stegman 
Creek were not particularly harsh for either mottled sculpin or brown trout. 
Condition 
The magnitude of the observed increase in condition of mottled sculpin in winter was small, 
despite its statistical significance. The change in slope of the length-mass relationship would 
likely result in undetectable differences in body mass for most mottled sculpin sampled in our 
study, and would only have a small effect on larger individuals of the population. This observed 
increase in body condition of mottled sculpin can most likely be attributed to the spawning time 
of this species. The mottled sculpin is a spring spawner (Becker 1983), and individuals in 
Stegman Creek were likely preparing to reproduce shortly after the completion of our winter 
study period. The observed increase in body condition of mottled sculpin may have resulted from 
sexually mature fish in the population developing reproductive mass in preparation to spawn, a 
phenomenon observed in another Michigan stream (Breen et al. 2009).  
 Body condition of brown trout in our study did not differ significantly between summer 
and winter. This observation is contrary to other reports of stream-dwelling brown trout, where 
condition was shown to decrease in winter as a result of depleted body fat stores and increased 
metabolic costs associated with rapidly declining water temperatures (Cunjak and Power 1987, 
Berg and Bremset 1998). Laboratory studies of brown trout also have shown reduced body 
condition after prolonged exposure to low water temperatures (i.e., < 6 °C), even when feeding 
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rates increased (Elliott 1976[a]). The observed seasonal stability in body condition of brown 
trout in our study suggests that food availability is not a limiting factor during winter for this 
species in Stegman Creek, especially considering the observed increase in body condition of 
mottled sculpin from summer to winter.  
Displacement 
The observed decrease in net displacement rates of mottled sculpin indicates that these fish were 
less mobile during the winter than in summer. This observation is contrary to findings from a 
previous study on seasonal movements of mottled sculpin in a Michigan stream, which detected 
no difference in movement of mottled sculpin between summer and winter (Breen et al. 2009). 
The increase in condition we observed in mottled sculpin during the winter suggests that 
displacement rates may have declined from summer to winter as a result of mottled sculpin 
allocating more energy to reproduction. Despite these seasonal differences, general displacement 
patterns among the mottled sculpin in Stegman Creek were consistent with prior observations 
(Petty and Grossman 2004, Breen et al. 2009), characterized by primarily sedentary individuals 
with restricted movements and a small subset of highly mobile individuals dispersing relatively 
long distances. Estimated net displacement rates of mottled sculpin were consistent with other 
reported values from eastern North American streams (Hill and Grossman 1987, Breen et al. 
2009, DeBoer et al 2015), but our findings did differ from lower reported movement rates from 
Western montane streams (McCleave 1964, Brown and Downhower 1982).  
 Net displacement rates of brown trout did not differ significantly between summer and 
winter. Our estimates of brown trout movement were slightly lower than those reported in other 
published studies of stream-dwelling brown trout (Clapp et al. 1990, Burrell et al. 2000, Diana et 
al. 2004), although these studies focused on larger individuals (TL > 400 mm) and covered a 
31 
 
larger geographic range. However, brown trout in our study exhibited site fidelity to ranges 
similar to home ranges reported in the literature (Clapp et al. 1990, Burrell et al. 2000, Diana et 
al. 2004), as the majority of tagged individuals that were recaptured were within the 300-m study 
reach during the summer and winter study periods.  
 The onset of winter environmental conditions and ice formation can restrict accessible 
habitat for stream-dwelling salmonids, initiating long-distance movements in search of optimal 
winter habitat (Jakober et al. 1998, Simpkins et al. 2000). In our study, the majority of brown 
trout occupied the same habitat structures (e.g., deep pools, coarse woody debris structures; S. 
LaGory, personal observation) within the study reach in both summer and winter, and we did not 
observe ice formation in the stream at any point during winter sampling. These observations 
suggest optimal habitat limitation was not strongly influencing brown trout movements in winter 
during our study.  
 We note that our estimates of dispersal and net displacement rates are conservative given 
our study design. First, we limited our estimates of weekly net displacement rates to detections 
of tagged individuals within the 100-m core subreach, and excluded detections of tagged fish in 
the downstream or upstream buffer reaches from these calculations. Second, we measured net 
displacement on a weekly scale while these fish likely exhibit movements on finer temporal 
scales (e.g., hourly or daily) that would go unrecognized by our sampling design (e.g., Breen et 
al. 2009). Lastly, due to logistical constraints, we limited our searches of tagged individuals 
dispersing outside of the primary study subreach to 100 m downstream and 100 m upstream of 
the core subreach boundaries. We did not perform surveys outside of the 300-m study reach and 
thus are unsure if individuals emigrated from this section of Stegman Creek. It is possible that at 
least some individuals emigrated from the 300-m reach given the time scale of our study and the 
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upper range of net displacement rates we estimated for both species. A notable portion of tagged 
fish were not recaptured in both seasons (summer = 43%, winter = 37%), although it is likely 
that low estimated recapture probabilities can account for many of these undetected individuals. 
Had we searched for recaptures in more distant reaches of the stream, we may have estimated 
different dispersal rates and maximum displacement distances for mottled sculpin and brown 
trout. Despite these limitations, we used the same approach to calculate net displacement rates 
for both seasons and our estimates provide a useful comparison of seasonal movement patterns 
for both species. 
Apparent Survival 
We found seasonal differences in apparent survival probabilities for both mottled sculpin and 
brown trout. Estimated weekly apparent survival probability of mottled sculpin was 
approximately 1.3 times higher in winter than in summer (Table 3). This could indicate that 
winter in-stream environmental conditions were more favorable for mottled sculpin, especially 
considering the increase in body condition of mottled sculpin we observed in winter. However, 
this estimate has a wide confidence interval, which could be a product of low estimated recapture 
probability of mottled sculpin in winter (Table 3). Our estimated apparent survival probability 
from summer could have been negatively biased due to higher observed displacement and 
dispersal rates of mottled sculpin in summer. The Cormack-Jolly-Seber model of apparent 
survival is limited by its inability to distinguish deaths from emigrations (Lebreton et al. 1992), 
and this could have influenced the magnitude of the observed difference in mottled sculpin 
apparent survival between summer and winter. Even considering this potential bias, we can still 
reasonably conclude that weekly apparent survival probability was higher for mottled sculpin in 
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winter than in summer. Moreover, there was no evidence that mortality of mottled sculpin was 
markedly higher in winter compared to summer during our study. 
 Seasonal changes in predation on mottled sculpin by brown trout may have influenced 
the estimated apparent survival probabilities of mottled sculpin in our study. Brown trout often 
become piscivorous after reaching sufficient size (e.g., 130 mm TL), typically targeting prey fish 
that do not exceed 33% of the predator’s body length (L'Abee-Lund et al. 1992). Following this 
size ratio, brown trout greater than 180 mm TL could consume the smallest tagged mottled 
sculpin in our study (60 mm TL). During the summer study period, 38% of brown trout tagged in 
the core subreach were above this size threshold. During the winter study period, the percentage 
of brown trout above this size threshold in the core subreach declined to 15%. This decrease in 
the number of potentially piscivorous brown trout from summer to winter may account in part 
for the corresponding increase in apparent survival of mottled sculpin in winter.  
 Apparent survival probability of brown trout was size-dependent in summer, increasing 
with total length. Similar patterns of size-dependent survival have been observed in other field 
studies of fluvial salmonid populations, where survival probability of stream-dwelling trout 
increased with age and length (Budy et al. 2007, Al-Chokhachy and Budy 2008). Estimated 
weekly apparent survival for an average-length brown trout in our study was high in summer, 
and did not vary with time. AICc rankings of Cormack-Jolly-Seber models suggested that winter 
apparent survival dynamics of brown trout in Stegman Creek were different than in summer, as 
winter apparent survival probability was independent of TL and varied over time. Weekly 
apparent survival probabilities in winter were comparable to the summer estimate throughout the 
season, with the exception of winter time periods three and six (Table 5).  
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 Interestingly, these periods of decreased apparent survival immediately follow the 
minimum and maximum water temperatures recorded during the winter study period (Fig. 3). 
Total variation in temperature was greater in winter than in summer, as the range of water 
temperatures recorded in winter was nearly twice that of summer. Other measured stream 
environmental variables remained relatively consistent within seasons. This association between 
low apparent survival and extreme temperatures suggests rapid changes in water temperature 
may be detrimental to brown trout in Stegman Creek, and could have resulted in reduced survival 
or increased emigration from the study reach. This relationship is consistent with results from 
laboratory studies of temperature effects on brown trout, particularly where low temperatures 
were shown to negatively impact biological processes of brown trout (Elliott 1976a, 1976b). 
This may explain the relationship between the period of sustained low stream temperatures in our 
winter study period (weeks 1-3) and the corresponding decrease in apparent survival probability 
of brown trout. Similarly, the rapid increase and subsequent decline in water temperature from 
week 6 to 7 of the winter study period may have resulted in the corresponding low apparent 
survival probability estimated for this time interval. The program RELEASE goodness-of-fit test 
suggested our winter brown trout data did not meet the assumptions of the Cormack-Jolly-Seber 
model, but the cause of this lack of fit is unclear. The individual test components indicated there 
were more sporadic departures from the model assumptions in our data, which may be a result of 
violations of the chi-square test assumptions of independent observations. Alternatively, given 
the relatively low recapture rate of brown trout in winter, our dataset may have been too sparse 
for the goodness-of-fit test to generate adequate results.  
 It is less likely that predation by larger brown trout significantly influenced brown trout 
apparent survival in summer or winter. Following the prey-predator size threshold described by 
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L'Abee-Lund et al. (1992), brown trout greater than 242 mm TL could prey on the smallest 
taggable brown trout in our study (80 mm TL). During the summer study period, 19% of tagged 
brown trout in the core subreach exceeded the size threshold to be piscivorous, and during winter 
only 5% of brown trout exceeded this threshold. The brown trout is the largest potential aquatic 
predator inhabiting this section of Stegman Creek. It is possible that predation by terrestrial 
organisms on brown trout or mottled sculpin may have impacted our estimates of apparent 
survival (e.g., Heggenes and Borgstrøm 1988, Koed et al. 2006), but we detected no evidence of 
this relationship during our study. Additionally, ample cover was available in Stegman Creek for 
fish to use as refuge for predator avoidance (S. LaGory, personal observation).  
Although dispersal of brown trout outside of the core subreach differed between summer 
and winter, the magnitude of this difference was small. It is unlikely that dispersal heavily 
skewed our estimates of apparent survival in either season. Stream temperature is likely the 
primary factor driving these differences in apparent survival probabilities of brown trout between 
seasons, especially considering the negative impacts of rapid temperature change on brown trout 
documented in the literature. This finding has important implications for managing brown trout 
populations in other stream ecosystems, particularly in those with more variable thermal regimes, 
those in which food availability for brown trout is known to decline in winter, or those in which 
presence of larger piscivorous predators may regulate densities of smaller brown trout.  
Conclusion 
The results of our study suggest that winter environmental conditions were not particularly harsh 
for either mottled sculpin or brown trout in Stegman Creek, but that water temperature may play 
an important role in regulating apparent survival of brown trout. Stegman Creek is a cold, 
groundwater-dominated stream, and the thermal regime of this system is considered stable by 
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regional temperature classifications (Wehrly et al. 2003). It is likely that the extent of seasonal 
effects on these species was mitigated by this highly stable thermal regime, especially 
considering that the few variable temperature events that occurred during the winter study period 
corresponded to declines in apparent survival of brown trout. Impacts of summer and winter 
environmental conditions on stream fish are likely to be context-dependent, and may be more 
distinct in stream systems that experience greater environmental variability. Our findings 
emphasize the importance of year-round monitoring of stream systems in temperate regions, 
particularly those that are known to be less stable, in order to effectively understand and manage 
stream fish populations. 
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Table 3. Cormack-Jolly-Seber model parameter estimates with standard error 
and 95% confidence intervals for mottled sculpin. Estimates shown are from 
the best fit model (based on AICc) for each season. Model parameters are Φ 
(weekly apparent survival probability) and p (weekly recapture probability), 
and in these cases, were size-dependent (TL) or time-dependent (t). Time-
dependent parameters are indicated by numbers corresponding to the 
sampling interval for each estimate. Estimates were generated in program 
MARK. 
Summer: ΦTL pt 
Parameter Estimate Standard Error 95% CI Lower 95% CI Upper 
Φ 0.78 0.03 0.70 0.84 
p1 0.36 0.06 0.25 0.48 
p2 0.51 0.06 0.40 0.62 
p3 0.31 0.05 0.22 0.42 
p4 0.26 0.05 0.17 0.37 
p5 0.29 0.06 0.20 0.41 
p6 0.26 0.06 0.16 0.39 
Winter: Φ. p. 
Parameter Estimate Standard Error 95% CI Lower 95% CI Upper 
Φ 0.98 0.04 0.42 0.99 
p 0.22 0.03 0.16 0.28 
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Table 5.  Cormack-Jolly-Seber model parameter estimates with standard 
error and 95% confidence intervals for brown trout < 254mm TL. Estimates 
shown are from the best fit model (based on AICc) for each season. Model 
parameters are Φ (weekly apparent survival probability) and p (weekly 
recapture probability), and in these cases, were constant (.), time-dependent 
(t), or size-dependent (TL). Time-dependent parameters are indicated by 
numbers corresponding to the sampling interval for each estimate.  Estimates 
were generated in program MARK. 
Summer: ΦTL p. 
Parameter Estimate Standard Error 95% CI Lower 95% CI Upper 
Φ 0.85 0.02 0.80 0.90 
p 0.55 0.03 0.48 0.61 
Winter: Φt pTL 
Parameter Estimate Standard Error 95% CI Lower 95% CI Upper 
Φ1 0.91 0.06 0.70 0.98 
Φ2 0.82 0.06 0.67 0.91 
Φ3 0.75 0.07 0.60 0.86 
Φ4 0.91 0.08 0.60 0.98 
Φ5 0.96 0.10 0.20 0.99 
Φ6 0.56 0.09 0.39 0.72 
p 0.49 0.03 0.43 0.55 
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Figures 
 
Figure 1. Location of Stegman Creek in the Rogue River Watershed in Kent County, Michigan 
(Source: Michigan Department of Natural Resources).  
48 
 
 
Figure 2. Diagram of sampling scheme in our 300-m study reach in Stegman Creek. Direction of 
flow is from right to left. The 100-m subreaches (downstream buffer, core, upstream buffer) are 
demarcated by solid bold lines. The 10-m subsections in each subreach are demarcated by 
dashed lines. Weekly sampling was conducted in the core subreach, and dispersal sampling was 
conducted in the downstream and upstream buffer subreaches. 
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Figure 3. Mean hourly water temperatures (°C) during summer and winter study periods. Mean 
temperatures for each season are denoted by dotted lines. Mean water temperature during 
summer study period was 13.9 °C (var = 1.19). Mean water temperature during winter study 
period was 5.9 °C (var = 2.81). 
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Figure 4. The length-mass relationships for mottled sculpin (A) and brown trout (B) in summer 
(white) and winter (black). Each point represents the total length (TL) and mass recorded at the 
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first encounter with an individual (mottled sculpin: n = 352, brown trout: n = 329). Lines 
represent the length-mass relationship for each season (summer = dashed, winter = solid), 
described by the equation M = aLb, where M is wet mass, a is a constant, L is total length, and b is 
an exponent of the length-mass relationship. Mean size of mottled sculpin was 70 mm TL (SD = 
9.92) and 4.5 g wet mass (SD = 2.23) in summer and 74 mm TL (SD = 8.83) and 5.1 g wet mass 
(SD = 2.05) in winter. Mean size of brown trout was 168 mm TL (SD = 73.05) and 72.1 g wet 
mass (SD = 92.49) in summer and 127 mm TL (SD = 52.04) and 29.7 g wet mass (SD = 57.64) 
in winter. 
 
 
Figure 5. Estimated mean (± 1 SD) weekly net displacement rates (m/wk) for each species 
(white = mottled sculpin, black = brown trout) in each season.  
52 
 
 
 
 
Figure 6. Frequency distribution of individual maximum displacement distances (m) for mottled 
sculpin (white) and brown trout (black) in summer (A) and winter (B). 
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Chapter III 
Extended Review of Literature 
Ecology of Mottled Sculpin 
The mottled sculpin (Cottus bairdii) is a small-bodied (<150 mm TL), freshwater fish species in 
the family Cottidae, a group of freshwater and marine-dwelling species. This species inhabits 
cool and coldwater lotic systems and shallow lentic habitats across a wide geographic range, 
with disjunct distributions in western and eastern North America (Becker 1983). Where present, 
it is often recorded as the most abundant species in the fish community (Grossman et al. 2002, 
Homola et al. 2014, Ruetz et al. 2015). Mottled sculpin is a non-game species, but is ecologically 
important due to its prevalence in freshwater systems, and its intermediate trophic role.  
Mottled sculpin in lotic systems often display a preference for erosional riffle habitats 
dominated by gravel and cobble substrates, and typically prefers shallow (0.1-0.5 m), clear 
waters where ample cover is available (Bailey 1952, Becker 1983). However, microhabitat 
selection has been observed to vary seasonally in this species (Grossman and Freeman 1987). As 
a benthic species, mottled sculpin can maintain position on the substrate under increasing stream 
velocities without experiencing increased energy costs, suggesting that stream velocity does not 
strongly influence microhabitat selection of mottled sculpin (Facey and Grossman 1992). 
Mottled sculpin is considered a coldwater fish, and the critical thermal maximum for this species 
is near 24.3 °C (Eaton and Scheller 1996).  
Mottled sculpin is a benthic-feeding species, primarily targeting aquatic 
macroinvertebrates as prey (e.g., Petty and Grossman 1996, Janssen and Jude 2001). Mottled 
sculpin may occasionally feed on plant matter, fish eggs, or small fish, and cannibalism of eggs 
and young has been observed (Becker 1983). This species has shown selective preference for 
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larger prey items (Gilson and Benson 1979, cited by Newman and Waters 1984). Mottled sculpin 
is important forage for piscivorous, larger-bodied fish species, and can be a key food source for 
stream-dwelling trout (Dineen 1951, Moyle 1977). Further, trout are frequently found in stream 
systems that support healthy populations of mottled sculpin. Because of this common co-
occurrence, mottled sculpin can be considered a bioindicator species for trout populations and 
their preferred stream habitat conditions (Becker 1983).  
Mottled sculpin spawns in spring (March-April) as stream water temperatures begin to 
rise (Becker 1983). However, reproductively mature individuals may begin preparing to spawn 
as early as November and December by increasing feeding rates and allocating energy to 
developing reproductive material (DeHaven et al. 1992, Breen et al. 2009). Males construct 
covered nests on the underside of overhanging rocks, and begin courting females with a variety 
of mating rituals (e.g., gill flapping, biting). Mate selection of female mottled sculpin is reported 
to be size-dependent, with preference for larger males (Downhower and Brown 1980, Brown 
1981). Females lay egg masses in nests constructed by their chosen mate, which are then 
fertilized by males and adhere to the substrate. Males remain in nests, guarding the fertilized egg 
masses until larvae hatch and disperse from the nest. In the upper Midwest of the United States, 
the standard age at reproductive maturity for mottled sculpin is 2 years (Becker 1983). In 
Michigan streams, mottled sculpin typically survive to age 3 (Homola et al. 2014), but longer 
lifespans have been observed in the southern range of its distribution (Grossman et al. 2006).  
The mottled sculpin is a characteristically sedentary species, and most individuals move 
relatively short distances throughout their lifetime (Brown and Downhower 1982). In a seasonal, 
field-based study of mottled sculpin movement, Breen et al. (2009) detected a small proportion 
(16%) of highly mobile individuals that moved long distances (> 100 m) over the 1-year study 
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period, though most individuals in the population were relatively sedentary. Similar movement 
patterns were observed in a study examining the redistribution of mottled sculpin in Sickle Creek 
(Michigan) following the removal of a barrier to fish passage (DeBoer et al. 2015). Although a 
greater proportion (23%) of mottled sculpin in this study made long-distance (> 100 m) 
movements, the majority of individuals in the population moved very short (< 20 m) distances 
(DeBoer et al. 2015). Further, gene flow is relatively limited among mottled sculpin populations 
in western Michigan streams, suggesting movement of this species is restricted to narrow 
geographic ranges (Homola et al. 2016). These movement patterns appear to be consistent across 
the mottled sculpin’s geographic distribution in North America, and have been observed in 
streams in the montane West (McCleave 1964), upper Midwest (Breen et al. 2009), and 
Southeast (Petty and Grossman 2004) regions of the United States.  
A study of mottled sculpin in Seven Mile Creek (Michigan) tracked individual fish over 1 
year during the summer and winter to determine whether movement and activity levels varied 
seasonally (Breen et al. 2009). Overall, this population of mottled sculpin exhibited little 
variation in movement between summer and winter months, indicating that this species may have 
some tolerance to seasonal changes in stream environmental conditions (Breen et al. 2009). 
Movement rates and displacement distances of tagged mottled sculpin in this study also were 
found to be independent of the length of fish at initial capture (Breen et al. 2009). Another field-
based study of mottled sculpin conducted in multiple streams in the Lower Peninsula of 
Michigan found that the percentage of movement observed in several populations of mottled 
sculpin (over 2 days during mark-recapture sampling) was positively correlated with the 
percentage of fine substrate in these streams (Ruetz et al. 2015). This finding suggests that 
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mottled sculpin movements may be influenced by the availability of optimal habitat and cover in 
stream ecosystems (Ruetz et al. 2015).  
Density-dependence has been identified as the primary regulator of mottled sculpin 
populations in some Appalachian streams (Rashleigh and Grossman 2005, Grossman et al 2006). 
In a long-term (11-yr) study of three stable populations of mottled sculpin, Grossman et al. 
(2006) determined that competition for spatial resources was the driving force of population 
stability. Mottled sculpin showed preferential selection for habitat with high prey biomass, and 
patch occupation by larger adult mottled sculpin has been observed to drive smaller individuals 
and juveniles away from preferential spawning or foraging habitat (Petty and Grossman 2004, 
Grossman et al. 2006). Additionally, mottled sculpin adult abundance was reported as a limiting 
factor to juvenile growth and movement in this region of its distribution (Petty and Grossman 
2004). 
While density-dependence has been shown to regulate populations of mottled sculpin in 
the southern reaches of its distribution, other regulatory mechanisms have been documented in 
the northern portion of its range. In the Great Lakes region, interspecific competition can limit 
mottled sculpin population size. The invasion of non-native round (Neogobius melanostomus) 
and tubenose (Proterorhinus marmoratus) gobies (family Gobiidae) in the Great Lakes 
introduced a significant new threat to mottled sculpin after naturally reproducing populations 
were established in the early 1990s (Jude et al. 1995). Invasive gobies exhibit life-history 
strategies and occupy ecological roles similar to those of native freshwater sculpins (French and 
Jude 2001). Invasive gobies display aggressive territoriality towards sculpin, ultimately reducing 
populations of mottled sculpin via increased competition for food, spatial resources, and 
spawning territory (Dubs and Corkum 1996, Janssen and Jude 2001). Resource competition with 
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round gobies has led to severe decline and even extirpation of some populations of mottled 
sculpin in the Great Lakes region (Janssen and Jude 2001, Lauer et al. 2001).  
Ecology of Brown Trout 
Brown trout (Salmo trutta) is a species in the family Salmonidae. Though not native to North 
America, this species has been widely introduced and now reproduces naturally in many streams 
and lakes across the continent. Its introduction was first documented in the state of Michigan in 
1885, and the species can now be found throughout the state (Behnke 2002). Brown trout is a 
large-bodied fish, with average sizes varying among stream, river, and lake-dwelling 
populations. Like other salmonids, brown trout prefers cold, oxygen-rich waters; however, this 
species is not considered a habitat specialist, and can be found in lotic systems dominated by a 
variety of substrate types (Becker 1983). Brown trout can employ several different life history 
strategies; most common to North America are stream-resident, lake-resident, and potadromous 
forms (Becker 1983, Behnke 2002). Brown trout is frequently sought after by anglers and is a 
species of management and economic interest in much of its introduced range (Becker 1983). 
Brown trout is a predatory species, and targets a variety of food sources such as aquatic 
macroinvertebrates, terrestrial insects, and small-bodied fishes (Becker 1983). In streams, brown 
trout typically feeds at the surface or utilizes a lie-in-wait feeding strategy to capture prey items 
from the drift (Bachman 1984). More specialized feeding strategies have been documented in 
some stream-resident populations (Bridcut and Giller 1995). Brown trout has shown a preference 
for invertebrate prey within optimal size ranges proportional to their mouth and body size, and 
exhibit this size-selectivity even when food availability is limited (Bannon and Ringler 1986). 
Proportional prey size preferences also have been documented for piscivorous brown trout, 
though these fish generally do not engage in piscivory until they have reached larger body sizes 
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(Garman and Nielsen 1982, L'Abee-Lund et al. 1992). The introduction of brown trout outside of 
its native range has had detrimental impacts on native fish communities in many ecosystems. 
Brown trout can readily outcompete native trout species for food and spatial resources (e.g., 
Fausch and White 1981, Waters 1983) and may decrease abundances of native non-game fish 
species through predation (e.g., Garman and Nielsen 1982, Moyle and Marciochi 1975).   
Brown trout can reproduce multiple times throughout its lifespan. Brown trout prefers 
spawning in gravel-dominated riffle habitats in lotic systems, where females can construct 
nesting sites (redds) on gravel substrates and may spawn with one or multiple males (Becker 
1983, Witzel and MacCrimmon 1983). The brown trout typically begins spawning in late autumn 
to early winter (Becker 1983).  
A field-based study of brown trout, brook trout (Salvelinus fontinalis), and rainbow trout 
(Oncorhynchus mykiss) in Michigan and Wisconsin streams found no notable difference in the 
upper thermal tolerance limits of these three species, suggesting brown trout may not be more 
tolerant of thermal stress than other salmonids (Wehrly et al. 2007). This research estimated the 
critical thermal maximum (i.e., lethal temperature) of brown trout in Michigan ranged from 22-
28 °C, depending on the duration of exposure (Wehrly et al. 2007). Brown trout can experience 
adverse effects under thermal stress conditions at both high and low water temperatures. 
Experimental laboratory studies of the effects of temperature and food availability on brown 
trout reported decreased growth, metabolism, and condition of individuals exposed to extreme 
low and high water temperatures, even when feeding rates and ration sizes increased (Elliott 
1976 [a], [b]). Field-based studies of brown trout in the Credit River (Ontario, Canada) found 
that body fat stores of fish were depleted in response to rapid declines in water temperature 
associated with the early winter season (Cunjak and Power 1987, Cunjak 1988). This decrease in 
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condition was primarily attributed to increased energetic demands associated with thermal stress 
and elevated discharge. Feeding rates of brown trout in these studies were continuous throughout 
the winter and were comparable to rates observed during the spring and summer (Cunjak and 
Power 1987, Cunjak 1988). A similar phenomenon was observed in a field study of brown trout 
in River Humla (Norway), where body fat and protein contents of fish were depleted in early 
winter as a result of acclimation to rapid declines in water temperature (Berg and Bremset 1998). 
This change in body composition was most notable in younger fish with lower protein and fat 
contents before the onset of winter (Berg and Bremset 1998). 
Reported movement patterns of stream-dwelling brown trout are variable among 
individuals, seasons, and stream systems. A telemetry study of large brown trout in the Au Sable 
River (Michigan) tracked fish movement throughout the year (Clapp et al. 1990). Estimated 
movements were highly variable among individuals, with maximum displacement of tagged fish 
in a given season ranging from less than 300 m to more than 22 km (Clapp et al. 1990). A similar 
pattern of variability was observed in a later study of spring and summer movements of radio-
tagged brown trout in the Au Sable River (Diana et al. 2004). Most tracked individuals occupied 
one or more home sites throughout the summer season over multiple years, but the distance 
between these home sites varied (Diana et al. 2004). A few individuals tracked in this study were 
more mobile than others, and regularly moved longer distances (up to 3 km) between home sites 
throughout the year (Diana et al. 2004). A multi-year, seasonal study of brown trout movement 
in the Peshtigo River system in Wisconsin found that brown trout remained relatively sedentary 
within summer and winter seasons, but occupied different sections and tributaries of the river 
during different times of the year (Meyers et al. 1992). Brown trout in this system moved 
relatively long distances (> 6 km) during the spring and fall, typically associated with seasonal 
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increases and declines in water temperature (Meyers et al. 1992). A seasonal study of brown 
trout, common carp (Cyprinus carpio), and white sucker (Catostomus commersoni) in the Grand 
River (Ontario, Canada) found that longer downstream movements of brown trout occurred in 
response to periods of elevated stream temperature and discharge associated with winter ice 
break-up (Brown et al. 2001). During winter periods in which environmental conditions were 
more stable, weekly brown trout movements were similar but net movement was in the upstream 
direction (Brown et al. 2001). These seasonal observations suggest stream-resident brown trout 
movements are adaptive, primarily influenced by changes in environmental characteristics such 
as stream temperature and discharge. Movements and habitat use of brown trout are likely to 
vary among individuals within and among stream-dwelling populations.  
Several studies have investigated the impacts of seasonal changes in environmental 
conditions on the survival and growth of stream-dwelling brown trout. Carlson and Letcher 
(2003) studied the survival of multiple age classes of brook and brown trout over multiple years 
in the West Brook (Massachusetts). The results of this study suggested that survival was similar 
between species, but differed among age-classes and seasons. Survival was highest for younger 
fish, regardless of species. The lowest estimated survival in the first year of the study occurred in 
the autumn, while the period of lowest survival in the second year of the study occurred in the 
early summer (Carlson and Letcher 2003). Carlson et al. (2008) conducted a similar seasonal 
survival study of brown trout (age 0-4) in a small Norwegian stream. Estimated survival was 
highest for age 1-2 brown trout in this study and lowest for age 3 fish (Carlson et al. 2008). 
Winter estimates of survival probability were comparable to summer estimates, and a seasonal 
effect on survival was not supported by model rankings (Carlson et al. 2008). These findings are 
contrary to the traditional intuition that winter is a harsher season for stream fishes. However, 
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there are relatively few studies that make this type of formal comparison of seasonal effects on 
stream fishes.  
Effects of Environmental Variability on Stream Conditions and Biota 
Temperate regions such as the Laurentian Great Lakes undergo drastic variation in 
environmental conditions from season to season, resulting in notable changes to in-stream 
environments throughout the year. Abiotic conditions in streams are heavily influenced by 
changes in external environmental conditions, both natural and artificial. Land-use activities can 
significantly alter stream characteristics through avenues such as excess nutrient loading, 
sedimentation, chemical pollution, channelization, and impoundment (Allan 2004, Allan and 
Castillo 2007). Streams in close proximity to largely human-transformed landscapes are often 
severely degraded from their natural state (Walsh et al. 2005), but natural environmental 
variation can also strongly influence stream habitats (Allan and Castillo 2007). Water 
temperature is tightly linked to the external environment and can be heavily influenced by 
environmental factors such as solar radiation, air temperature, humidity, and wind speed on 
varying time scales (e.g., daily, weekly, seasonally; Crisp and Howson 1982, Sinokrot and Stefan 
1993, Mohseni and Stefan 1999). However, in streams receiving significant groundwater input or 
other inflows (e.g., dam release, waste heat), water temperature may remain relatively stable 
despite variation in external environmental factors (Sinokrot and Stefan 1993, Mohseni and 
Stefan 1999, Wehrly et al. 2003). Cold temperatures associated with winter months can lead to 
formation of surface ice in streams, and during periods of extremely cold air temperatures, frazil 
(fine suspended crystals in turbulent water) and anchor ice (buildup of frazil ice on submerged 
structures) may form in streams (Tsang 1982, Osterkamp and Gosink 1983, Daly 1984, Brown et 
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al. 2011). Surface, frazil, and anchor ice can alter stream flows and habitat structure (Simpkins et 
al. 2000, Stickler and Alfredsen 2009). 
Stream flow is another habitat characteristic influenced by seasonal variation. In 
temperate regions, stream discharge is typically highest in the spring as a result of increased 
runoff from melting snow and ice accumulated during winter months (Dettinger and Diaz 2000). 
Increased precipitation can also lead to increased sediment and nutrient loading in stream 
ecosystems via surface runoff (Langbein and Schumm 1958). Low stream discharge is most 
typical in autumn, but severe droughts can reduce stream flows during summer months. 
Stochastic events such as drought and flooding sporadically and unpredictably alter stream flows 
in temperate regions, though erratic flow regimes are more typical in stream and river systems of 
other climatic regions (Dettinger and Diaz 2000). Winter months also can be marked by episodic 
elevated discharge in temperate regions during snow and ice melting events (Brown et al. 2011).  
Habitat characteristics of streams influence their biotic assemblages. Fishes are often 
adapted for survival in habitats with particular flow, thermal regimes, and substrate types. Thus, 
streams with certain characteristic profiles will be better-suited for certain species of fish than 
other streams (Allan and Castillo 2007). Generally, streams with greater variability will be 
inhabited by generalist species, while relatively stable stream environments allow more 
specialized species to establish (Poff and Allan 1995).  
Water temperature is an environmental factor that strongly impacts fishes and a number 
of their biological processes. Spawning time of many freshwater fish species is influenced by 
water temperature and can be delayed, accelerated, or precluded if temperatures are outside of a 
species’ optimal range (e.g., Graham and Orth 1986, Bruch and Binkowski 2002, Richter and 
Kolmes 2005). Exposure to temperatures below or exceeding a species’ optimal range has been 
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shown to affect muscle response and movement of fishes, and prompts physiological changes to 
maintain regular swimming performance (Blier and Guderley 1988, Guderley and Blier 1988). 
As ectotherms, the growth and metabolic rates of most fishes are heavily regulated by 
surrounding water temperature. Typically, the maximum growth rate of fishes occurs within an 
optimal range of temperatures well below the species’ lethal limit, although there are some 
instances in which maximum growth is achieved at temperatures near the critical thermal 
maximum of a species (McCormick et al. 1971, Brett 1979). Exposure to decreased water 
temperatures typically leads to a reduction in growth rates of fish, but also reduces their 
metabolic demands and maintenance energy requirements (Pentelow 1939, Brett 1979). 
Increasing water temperature beyond a species’ thermal optimum typically leads to increased 
metabolic demands that can be detrimental unless compensated for by increased feeding (Brett 
1979). Many ectothermic fishes utilize behavioral thermoregulation strategies to offset the 
impacts of water temperature on metabolic processes, though typically these strategies only 
temporarily alleviate temperature effects (e.g., Crawshaw and Hammel 1974, Walsh et al. 1983, 
Snucins and Gunn 1995, Baird and Krueger 2003). Species responses to varying temperature 
conditions are ultimately dependent on their thermal classification and the thermal regime to 
which they are adapted (Scholander et al. 1953, Brett 1979).  
Winter is traditionally hypothesized to be the harshest season for fish in temperate 
regions, resulting from adverse conditions such as reduced temperature and ice formation. 
Negative impacts of these winter environmental conditions have been documented in a number 
of instances. A radio-telemetry study of juvenile rainbow trout in the Bighorn River (Wyoming) 
found that the formation of frazil ice during winter forced radio-tagged trout to seek refuge in 
alternate habitat within their inhabited reach and in some cases initiated long-term emigration 
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from the study reach (Simpkins et al. 2000). A similar study of brook and cutthroat trout 
(Oncorhynchus clarkii) in Cottonwood Creek (Wyoming) found that from autumn to winter, the 
formation of anchor and frazil ice significantly reduced available habitat (Lindstrom and Hubert 
2004). Habitat use of radio-tagged trout was restricted to deep pools in the winter, and frequency 
of trout movements during this season declined to almost zero (Lindstrom and Hubert 2004).  
Cunjak et al. (1987) examined seasonal changes in feeding and metabolism of brook trout 
inhabiting three Ontario streams. Condition of tagged brook trout in this study decreased 
significantly between summer and early winter, despite continuous feeding, and did not increase 
until late spring (Cunjak et al. 1987). This difference in condition was only observed in fish 
occupying study areas with less variable water temperature and as a result was attributed in part 
to brook trout acclimating to rapid declines in water temperature in the early winter (Cunjak et 
al. 1987). The negative impact of temperature was compounded by energy lost to reproduction 
and insufficient energy intake throughout the season (Cunjak et al. 1987).  
Body condition of juvenile rainbow trout in the Bighorn River also was reported to 
decrease in the winter, although this reduction was attributed to decreased food availability as a 
result of declines in drifting invertebrate density (Simpkins and Hubert 2000). Winter declines in 
drifting invertebrate density have been reported in a number of other instances. A 5-year, 
seasonal study of amphipods (Gammarus pseudolimnaeus) in Valley Creek (Minnesota) found 
that growth, biomass, and density of Gammarus were highest in late spring and summer months, 
with a notable decline during the winter (Waters 1981). Similarly, a 1-year study in Hugh White 
Creek (North Carolina) found that abundance of drifting invertebrates decreased from December 
to February (O’Hop and Wallace 1983). As a primary food source for many fishes, changes in 
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drifting invertebrate densities have important implications for the success of stream-dwelling fish 
species.  
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Extended Methodology 
Field Methods 
Prior to the start of my summer study period, I divided the 300-m study reach into three 
contiguous 100-m subreaches, and further demarcated each subreach into ten 10-m subsections. 
All measurements were made in 10-m increments along the center of the stream channel using a 
150-m open reel fiberglass tape measure. I marked all subsections with red survey flags on both 
sides of the stream channel, and labeled flags with a letter-number combination corresponding to 
the appropriate subreach (D = downstream buffer, C = core, U = upstream buffer) and subsection 
(1-10). Flagging was left in place between the summer and winter study periods, and I confirmed 
all markings were in proper position prior to beginning winter sampling.  
 I collected mottled sculpin and brown trout for tagging and measuring using an ETS 
ABP-3 pulsed-DC backpack electrofishing unit (ETS Electrofishing Systems, Madison, 
Wisconsin). The unit output was set to 240 V, 10% duty cycle, and a pulse rate of 50 pulses/sec 
for all surveys. During regular weekly sampling, I surveyed each 10-m subsection of the core 
subreach separately, moving in the downstream to upstream direction. A minimum of three 
surveyors were present for all electrofishing. I operated the backpack electrofisher for all 
surveys, and collected stunned fish with a dip net. An additional surveyor with a dip net served 
as “reinforcement,” collecting fish that were missed by the backpack operator. A third surveyor 
was present to transport captured fish, which were held in an 18.9-L bucket filled with fresh 
stream water until the sampling crew completed electrofishing the entire 10-m subsection. The 
sampling crew targeted fish of taggable size during these surveys. I considered mottled sculpin 
greater than 60 mm in total length and brown trout greater than 80 mm in total length to be 
taggable size. The sampling crew visually assessed the size of stunned fish as they were 
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captured. If the crew was unsure whether or not a fish was taggable size, then the fish was 
collected and measured to confirm its length.  
 Once captured, fish were transported to a streamside sampling station where they were 
held in an 18.9-L bucket with fresh, aerated stream water. The total length of all fish was 
measured to the nearest 1 mm on a 75-cm measuring board, and wet mass of all fish was 
measured to the nearest 0.1 g in an aluminum weigh boat using a stainless steel scale (Valor 
3000 V31XH2, Ohaus Corporation, Parsippany, New Jersey). Length and mass measurements 
were recorded along with the species and 10-m subsection in which each fish was captured. Each 
fish was then checked for passive integrated transponder (PIT) tags using a portable PIT tag 
reader (Pocket Reader, Biomark Inc., Boise, Idaho). If a fish was not already tagged, then a PIT 
tag (HPT 12 & MiniHPT8, Biomark Inc., Boise, Idaho) was injected into the peritoneal cavity 
posterior to the right pectoral fin using a 12 or 16 gauge syringe (needles: N125 & N165 Injector 
Needle; implanters: MK10 & MK165 Implanter, Biomark Inc., Boise, Idaho). Each week new 
fish (i.e., untagged) were tagged over the course of the study. To visually distinguish tagged 
from untagged fish and to estimate tag retention at the end of each study season, all tagged fish 
were given a permanent (i.e., completely removed) left pelvic fin clip using surgical scissors 
prior to release. 
Prior to tagging, mottled sculpin (all lengths) and brown trout less than 180 mm in total 
length (i.e., below the legal catchable size limit) were anesthetized in a solution of stream water, 
tricaine methanesulfonate (MS-222), and sodium bicarbonate. The concentration of MS-222 we 
used in this solution was 60 mg/L mixed with equal parts sodium bicarbonate to buffer the 
solution and prevent acidification of the water bath upon dosing. Several fish at a time were 
immersed in the anesthetic bath, allowing the effects of anesthesia to become apparent (i.e., 
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slowed gill flapping, disequilibrium) before removing fish from the solution for tagging. After 
tagging, anesthetized fish recovered in a bucket of fresh aerated stream water until their 
respiration (monitored based on operculum movements) returned to normal and they were able to 
maintain an upright position in the water column. Once all fish were measured, checked for tags, 
and tagged as needed, fish were released in the 10-m subsection from which they were collected. 
During weeks three and six of each sampling season, an additional backpack 
electrofishing survey was conducted in the downstream and upstream buffer subreaches of the 
study reach. These additional surveys were intended to detect tagged individuals that had moved 
out of the core and into the downstream and upstream buffer subreaches. During these surveys, 
the same electrofishing protocol was followed as described above. After fish were collected from 
a 10-m subsection in the buffer subreaches, all mottled sculpin and brown trout were checked for 
PIT tags. If a tagged fish was captured in a buffer subreach, then its total length, wet mass, tag 
identification number, and the subreach and subsection of capture were recorded. All untagged, 
taggable size mottled sculpin and brown trout that were collected in each subsection were 
enumerated prior to release in the 10-m subsection in which they were captured. 
One month prior to each study season, I deployed three temperature loggers (HOBO Pro 
v2, Onset Computer Corporation, Bourne, Massachusetts) in the core subreach. I set these 
loggers to record hourly water temperature (°C) for the duration of the summer and winter study 
periods. I deployed one logger at the downstream and upstream terminus of the core subreach, 
and one at the midpoint of the core subreach. All loggers were weighted to the stream bottom 
with a 2.5-cm diameter steel bolt, and were fixed to an anchor point on the stream bank using 
nylon paracord. After the completion of each study season, I removed loggers from the stream 
and retrieved water temperature data for analysis.  
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Stream discharge was measured each week at a designated transect in the core subreach 
that I considered representative of the entire 300-m study reach. First, the wetted width of the 
transect was measured with a fiberglass tape measure, and then the tape measure was anchored 
on both banks across the stream channel. Stream velocity and depth were measured at six 
equidistant points across the transect using a velocity meter (Flo-Mate 2000, Marsh-McBirney – 
Hach Company, Loveland, Colorado). Stream depth at each point to the nearest 3 cm (0.1 ft) 
with the depth rod, and stream velocity was measured to the nearest 0.003 m/s (0.01 ft/s) at 60% 
of the measured stream depth. Discharge (Q) was calculated as: 
, 
where W is the wetted width,  is the mean stream depth, and  is the mean stream velocity 
(Rantz et al. 1983). I converted all units of discharge from English (ft3/s) to metric (m3/s). 
 In addition to a weekly measurement of stream discharge, standard stream water quality 
variables were measured during each week of sampling using a multiparameter sonde (6600 V2-
4, YSI Inc., Yellow Springs, Ohio). Variables measured with the multiparameter sonde were 
specific conductivity (µs/cm), total dissolved solids (TDS), pH, redox potential (ORP), turbidity 
(NTU), chlorophyll a concentration (µg/L), and dissolved oxygen concentration (% and mg/L). 
This water quality measurement was made at the midpoint of the core subreach in the thalweg at 
approximately 50% of the stream depth.  
Data Analysis 
To estimate body condition of mottled sculpin and brown trout in summer and winter, I 
calculated length-mass relationships using linear regression. For body condition analyses, I used 
the total length and mass data that was recorded the first time a fish was encountered. Linear 
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regression was fit to log10-transformed total length and mass data for each species and season, 
using the model: 
, 
where M is the wet mass (g) of an individual, log10(a) is the intercept of the linear model, b is the 
slope of the linear model, and L is the total length (mm) of an individual. Once seasonal length-
mass relationships were fitted for mottled sculpin and brown trout, I tested for differences in the 
slope of these relationships (i.e., body condition) between summer and winter by fitting log10-
transformed data for each species to the multiple linear regression model:  
, 
where M is the individual wet mass, log10(a) is the intercept of the length-mass relationship in 
summer, b1 is the slope of the length-mass relationship in summer, b2 is an adjustment to the 
summer intercept to fit the winter intercept, b3 is an adjustment to the summer slope to fit the 
winter slope, and x is an indicator variable for season (0 = summer, 1 = winter). If the null 
hypothesis that b3 = 0 for a species is not statistically significant, then the slope of the length-
mass relationship is not significantly different between summer and winter, suggesting there is 
no difference in body condition between seasons. If b3 is significantly different from zero (α < 
0.05) for a species, then the summer and winter slopes differ, indicating there is a significant 
difference in body condition between seasons. 
 I investigated seasonal differences in movement by estimating and comparing net 
displacement rates (m/wk) of mottled sculpin and brown trout between summer and winter. 
Mean weekly net displacement rates (D) were calculated for all tagged individuals that were 
recaptured at least once within a sampling season. I excluded all detections of tagged fish outside 
of the core subreach from these calculations. I calculated these rates using the equation:  
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 , 
where d is the absolute value of the distance (m) between the recorded 10-m subsections in 
which a fish was captured, and t is the number of weeks that elapsed between captures. I then 
calculated species-level mean net displacement rates for each season.  
To test for seasonal differences in species-level net displacement rates, I performed two-
way, factorial analysis of variance (ANOVA, type III) on log10-transformed net displacement 
rates and included species, season, and a species-season interaction term as factors. If this test 
indicated there was a significant species-season interaction, then I used contrasts to determine 
whether individual comparisons of mean net displacement rates were significantly different 
between seasons for mottled sculpin and brown trout. In addition to weekly net displacement 
rates, I calculated a maximum displacement distance for all tagged fish that were recaptured at 
least once within a season. For these estimates, I included all detections of tagged fish from the 
entire 300-m study reach. Maximum displacement was defined as the absolute value of the 
distance between the most downstream and upstream points of capture of a fish. The body 
condition and displacement analyses described above were performed using program R (version 
3.3.2; R Core Team, 2017). 
To estimate seasonal apparent survival and recapture probabilities for mottled sculpin and 
brown trout, I used the Cormack-Jolly-Seber (CJS) statistical model (Lebreton et al. 1992). The 
primary assumption of this open-population model is that apparent survival and recapture 
probabilities are homogenous among individuals in the population (Williams et al. 2002; see 
Chapter I). Further, this model assumes that no marks are lost or overlooked during the sampling 
process, and that samples are instantaneous (Williams et al. 2002; see Chapter I). The CJS model 
was fit in Program MARK (White and Burnham 1999). This software performs probabilistic 
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modeling and maximum likelihood estimation, and produces estimates of apparent survival and 
recapture probabilities based on the distribution of capture histories of tagged fish (Williams et 
al. 2002). Capture histories are a series of 1s and 0s that indicate whether or not an individual 
was captured on a given sampling occasion (Williams et al. 2002). For example, in our sampling 
design, a fish that was captured in the core subreach only during the first and fifth sampling 
events of either study season would be coded as ‘1000100’. 
I developed a series of candidate CJS models for my mark-recapture data that included 
three constraints to the parameters of interest (apparent survival probability = Φ, recapture 
probability = p). Parameter constraints were: constant (.), time (t), or individual total length (TL). 
My final set consisted of nine candidate models that included all combinations of these 
parameters and constraints. Program MARK ranks candidate models using Akaike’s Information 
Criterion (AIC), and automatically adjusts this criterion for small sample size (AICc; Akaike 
1976). With the exception of the winter mottled sculpin data, I selected models with the lowest 
AICc value, highest AICc weight, and highest model likelihood as the best fit for each data set. 
The top-ranked model for the winter mottled sculpin data set was fully time-dependent, but there 
were insufficient data to generate reasonable parameter estimates (i.e., standard error = 0; 95% 
CI lower = 0, upper = 1) for all time intervals in this model. In this case, I performed a 
likelihood-ratio test on the first and second-ranked models to determine whether there were 
significant differences in model likelihoods. This test indicated that the first and second-ranked 
models for the winter mottled sculpin data were not significantly different (P = 0.1), so I selected 
the second-ranked model as the best fit given that it generated more reasonable estimates of 
apparent survival and recapture probabilities.  
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To ensure that seasonal parameter estimates for each species were trustworthy, I tested 
the goodness-of-fit of the fully time-dependent (i.e., saturated) model from each of my candidate 
sets. Goodness-of-fit tests determine whether or not a data set meets the underlying assumptions 
of the CJS model. I performed this test in program RELEASE (version 3.0; Burnham et al. 
1987), which uses Pearson’s chi-square analysis to test for violations of model assumptions. To 
improve the saturated model fit for brown trout data, I excluded all brown trout larger than 254 
mm in total length from my analyses. In Michigan streams, brown trout greater than 254 mm in 
length have been observed to exhibit different patterns in recapture probability than fish below 
this size threshold (D. Hayes, personal communication, MDNR unpublished data). This 
heterogeneity in recapture probability would violate one of the primary assumptions of the CJS 
statistical model; therefore, I only included individuals less than 254 mm in length in my 
analyses of apparent survival. 
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